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Protein–protein interactionn appears to be a multifunctional protein performing different roles in viral
infection. The involvement of 33K protein in different steps of adenovirus replication may require protein–
protein interaction. Using 33K protein as a bait in the yeast two-hybrid system, we screened open reading
frames (ORFs) of bovine adenovirus (BAdV)-3 for potential interactions with 33K protein. Interestingly, 33K
protein showed speciﬁc interaction with 100K and pV proteins. The yeast two-hybrid ﬁndings were validated
by in vitro binding using in vitro synthesized transcription-translation products, GST pull down assay and in
vitro co-immunoprecipitation assay using protein-speciﬁc antibodies. We demonstrated, that the interaction
of 33K protein with 100K and pV proteins takes place during BAdV-3 infection. Finally, our data suggests that
the stretch of amino acids 81–120 and 161–200 in 33K protein are critical for the interaction with pV and
100K proteins, respectively.
© 2008 Elsevier Inc. All rights reserved.IntroductionAdenoviruses are non-enveloped icosahedral particles and contain
double-stranded DNA genome, which is organized into complex
transcriptional units comprising of early, intermediate and late
regions in members of genus Mastadenovirus (Russell, 2000). Expres-
sion of the early and intermediate transcription units precedes the
onset of viral DNA replication. However, expression of the late
transcription unit is dependent on the initiation of viral DNA
replication and depends on the expression of the major late
transcription unit (MLTU), which is controlled by the major late
promoter (MLP) (Thomas and Mathews, 1980).
We have been carrying out molecular characterization of bovine
adenovirus (BAdV) 3 (Lehmkuhl et al., 1975) with the aim of
developing it as a vaccine delivery vehicle for animals and humans
(Rasmussen et al., 1999; Tikoo, 2001; Kulshreshtha et al., 2004; Xing
and Tikoo, 2007). Like other members of Mastadenovirus, the BAdV-3
genome is organized into early, intermediate, and late regions (Reddy
et al., 1998). The late region of BAdV-3 genome is organized into seven
regions L1–L7 (Reddy et al., 1998). The L6 region of late transcription
unit of BAdV-3 encodes 33K and 22K protein (Reddy et al., 1998;
Kulshreshtha et al, 2004). The L6 33K protein is a product of a spliced
transcript, while 22K protein is translated from the unspliced form of
this transcript (Reddy et al, 1998; Kulshrestha and Tikoo, unpublished
data). The 33K and 22K proteins share the N-terminus region of 138
amino acids (Kulshrestha and Tikoo, unpublished data).l rights reserved.Adenovirus 33K protein acts as an alternative RNA splicing factor
(Tormanen et al., 2006) and a transcriptional activator (Ali et al., 2007),
and plays a role in viral capsid assembly as well as efﬁcient capsid DNA
interaction (Fessler and Young,1999; Finnen et al., 2001; Kulshreshtha
et al., 2004). Recently, adenovirus 22K protein has been shown to be
involved in the packaging of adenovirus genome (Ostapchuk et al.,
2006). The conservation of 33K protein in Mastadenoviruses together
with its multiple functions in the adenovirus life cycle suggests that
33K protein might be involved in the interaction with other viral or
cellular proteins. In this report, we demonstrate that 33K protein
interacts with 100K protein and protein V (pV) during the course of
BAdV-3 infection.
Results
Yeast two-hybrid system
To identify the interactions of 33K proteinwith other viral proteins,
matchmaker GAL4 yeast two-hybrid system was used. In this system,
the bait and prey plasmids are co-transformed in the yeast and the
resulting bait and prey proteins if they interact, are identiﬁed by the
transcriptional activation of reporter genes like ADE2, HIS3, lacZ. The
RT-PCR ampliﬁed 33K was fused in-frame to the GAL4 DNA binding
domain (aa 1–147) of pGBKT7 and used as a bait (Table 1). The PCR
ampliﬁed late viral genes were fused in-frame to the GAL4 activation
domain (aa 768–881) in the prey vector pGADT7 and used as a prey
(Table 1). These constructs were analyzed by restriction enzyme
analysis of DNA and conﬁrmed to be in-frame by DNA sequencing.
Both the pGBKT7- and the pGADT7-derived constructs were co-
transformed in the yeast and the interactions were screened through
Table 1
List of primers
Gene Primer sequence PCR
fragment
Ligated to
plasmid
33K 5′-GGAATTCCATATGATGAAACCCCGCAGCATGTCG
5′-GGAATTCTTAGGCGGGTCCGGATTCG 0.840 kba pGBKT7a
100K 5′-GGAATTCCATATGATGGCAGAGAAAGGCAGTG
5′-GGAA TTCCTACTCTTCTTGCCCTGG 2.500 kba pGADT7a
52K 5′-GGAATTCCATATGATGATGCATCCCGCTTTACG
5′-GGAATTCTCAGAATCGCCAGTGGTTAG 1.000 kba pGADT7a
pIX 5′-GGAATTCCATATGAACATGGCCGAGGAAGG
5′-GGAATTCTTAAACAAAGGGGTTAACTTGG 0.375 kba pGADT7a
IVa2 5′-GGAATTCCATATGATGCTGGATGGAGATGTAC
5′-GGAATTCTCAATAAAATTCTTTATTTTTCCTG 1.100 kba pGADT7a
pIII 5′-GGAATTCCATATGATGCTCCAGCCCGAACTGC
5′-GGAATTCTTAAAACGTGCGGCTAGATAGC 1.400 kba pGADT7a
DBP 5′-CGGGGGTACCCATATGATGAATCGCAGCGGTGA
5′-CGCGGATCCTTAAAACAAAGAGTCATCTGC 1.300 kbb pGADT7b
pV 5′-GGAATTCATGGCCTCCTCTCGGTTGATTAAA
5′-CGGGATCCCTAGGGTGATAGCGCACGCC 1.200 kbc pGADT7c
pVI 5′-CCGGAATTCATGGACGAATACAATTACGCG
5′-CGCGGATCCGCGGCCGCTCAATAGCACCGCCGGCG 0.791 kbc pGADT7c
pVII 5′-CCGGAATTCATGCGTTTTAATCTGGGCAG
5′-CGCGGATCCGCGGCCGCTCAGAGGCCCACGATG TCATTC 0.520 kbc pGADT7c
pTP 5′-CCGGAATTCATGTTTTTTGCAGAGCGCG
5′-CGCGGATCCGCGGCCGCTTAAAGGGGACGTCGAGG 1.900 kbc pGADT7c
pX 5′-CCGGAATTCATGAGTCCCCGCGGAAATC
5′-CGCGGATCCCTCGAGCTATTTGTTGTGGGCCGCC 0.245 bpc pGADT7c
Restriction enzyme sites are underlined.
a Digested with NdeI–EcoRI.
b Digested with NdeI–BamHI.
c Digested with EcoRI–BamHI. Fig. 2. Analysis of mutant 33K. (A) Schematic representation of BAdV-3 33K and mutant
33K proteins. Thick lines represent BAdV-3 DNA. Thin lines represent deleted
sequences. (B) Proteins from lysates of AH109 yeast cells transformed with plasmid
pGBKT7 (mock), plasmid pGBKT7 expressing 33K or plasmid pGBKT7 expressing
individual mutant 33K protein were separated by 10% SDS-PAGE under reducing
conditions and transferred to nitrocellulose membranes. The separated proteins were
probed in Western blot by anti-33K serum.
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existence of an interaction between two proteins led to the
activation of genes, which allowed the growth on media lacking
histidine (His) and adenine (Ade) (Singh et al., 2005) The higher
stringency selection revealed the blue colonies upon co-transforming
pGBKT7-33K along with pGADT7-V or pGADT7-100K (Fig. 1). No blue
colonies were observed on co-transforming pGBKT7-33K and
pGADT7 plasmid in the yeast. In addition, β-gal activity was
determined by liquid β-galactosidase assay. As expected, 33K-pV
and 33K–100K interactions showed strong β-gal activity (Fig. 3B).
These ﬁndings suggest that 33K protein may be speciﬁcally
interacting with pV and 100K proteins.
To identify the domains of 33K protein involved in these
interactions, we constructed plasmids containing deletions in 33K
ORF (Fig. 2A) cloned individually in pGBKT7 plasmid. These deletions
were analyzed by restriction enzyme analysis of DNA, DNA
sequencing and by Western blot for the expression of mutant
proteins (33Kd1 to 33Kd7) using anti-33K serum (Fig. 2B). TheseFig.1. Yeast two-hybrid analysis. Plasmid pGADT7 (prey) expressing DBP, pVI, pVII, IVa2,
pIII, 52K, pTP, 100K, pV or pX, and plasmid pGBKT7 (bait) expressing 33K were co-
transformed in yeast strain AH109. The co-transformants were streaked on SD/Leu-/
Trp-/His-/Ade-/X-α-gal-containing plates and incubated at 30 °C for 5–7 days. pGADT7
and pGAD_‘T’ antigen were used as negative controls.pGBKT7 plasmids containing 33K deletions were used as a bait with
plasmid pGADT7-V or pGADT7-100K as a prey in yeast two-hybrid
assay. Blue colonies were only observed when mutant 33K interacted
with the prey. As seen in Fig. 3, all mutant 33K proteins except
33Kd3 (aa 81–120 deleted) interacted with pV. Similarly, co-
transformation of 33Kd3-pV did not show much β-gal activity in
liquid β-galactosidase assay (Fig. 3B). These results suggest that the
deletion of amino acid 81–120 of 33K protein disrupted the
interaction of 33K protein with pV protein. Similarly, all mutant
33K proteins except 33Kd4 (aa 121–160 deleted) and 33Kd5 (aa 161–
200 deleted) interacted with 100K (Fig. 3). However, 33Kd4 showed
strong β-gal activity in liquid β-galactosidase assay (Fig. 3B).These
results suggested that the deletion of amino acids 161–200 of 33K
disrupted the interaction of 33K protein with 100K protein.
33K protein interacts with pV and 100K proteins in vitro
To conﬁrm the results of yeast two-hybrid analyses, we tested the
interaction of proteins in vitro using GST pull down assay. The 33KORF
(aa 1–279), 100K ORF (aa 1–850) or pV ORF (aa 1–410) was fused in-
frame to GST in the pGEX-5X-1 plasmid creating the plasmids pGEX-
33K, pGEX-100K and pGEX-V respectively. The GST alone, GST-33K,
GST-100K or GST-V proteins were induced by IPTG and the expression
of these proteinswas conﬁrmed byWestern blot using anti-GST serum
(Fig. 4, lane 2), anti-33K serum (Fig. 4, lane 4) or anti-100K serum (Fig.
4, lane 6). Compared to other fusion proteins, multiple bands of GST-V
fusion protein were detected (data not shown) suggesting that GST-V
fusion protein is not stable. The stable GST-100K and GST-33K fusion
proteins were induced and bound on glutathione sepharose beads as
per described (Zhou and Tikoo, 2001).
The plasmids pGADT7-V, pGADT7-100K, pGBKT7-33K, p33Kd3,
p33Kd4 or p33Kd5 containing T7 promoter upstream of protein coding
Fig. 3. Yeast two-hybrid analysis using mutant 33K proteins. (A) Plasmids pGBKT7
expressing 33K, 33Kd1, 33Kd2, 33Kd3, 33Kd4, 33Kd5, 33Kd6 or 33Kd7 (acting as bait)
were co-transformed with plasmid pGADT7-100K (prey) or pGADT7-V (prey) in AH109
yeast. The co-transformants were streaked on SD/Leu-/Trp-/His-/Ade-/X-α-gal-contain-
ing plates and incubated at 30 °C for 5–7 days. (B) Liquid β-galactosidase assay results.
Co-transformants were analyzed by a liquid β-galactosidase assay (in triplicate) as
described in Materials and methods.
Fig. 5. GST pull down assay GST pull down assay. (A) Puriﬁed GST alone (lane 1) or GST-
33K (lane 2) proteins immobilized on Glutathione-Sepharose 4B beads, incubated with
in vitro translated [35S] methionine-labeled pV, were separated by 10% SDS-PAGE and
detected by autoradiography. Lane 3 indicates in vitro translated [35S] methionine-
labeled pV. (B) Puriﬁed GST alone (lane 1) or GST-33K (lane 2) proteins immobilized on
Glutathione-Sepharose 4B beads, incubated with in vitro translated [35S] methionine-
labeled 100K protein, were separated by 10% SDS-PAGE and detected by autoradio-
graphy. Lane 3 indicates in vitro translated [35S] methionine-labeled 100K Protein. The
position of the molecular weight markers (M) in kDa is shown to the left of the panel.
Arrows on the right of each panel indicate the position of the identiﬁed protein in kDa.
31V. Kulshreshtha, S.K. Tikoo / Virology 381 (2008) 29–35regions were individually transcribed and translated in vitro in the
presence of 50 μl of [35S] methionine, using TNT T7-coupled reticulocyte
lysate system as described by the manufacturer (Promega).
The GST-fusion proteins bound to glutathione sepharose beads
were individually incubated with in vitro translated [35S] methionine-
labeled proteins for 6 h at 4 °C. After extensive washing with binding
buffer, the bead bound products were separated on 10% sodium
dodecyl-sulphate (SDS)-polyacrylamide gel electrophoresis (PAGE)Fig. 4. Immunoblot analysis of Glutathione-Sepharose-immobilized proteins. Puriﬁed GST (la
transferred to nitrocellulose membrane and analyzed by immunoblotting using anti-GST se
MDBK cell lysates (lanes 1,3,5) were used as negative controls. The position of the molecular
each panel indicate the position of the identiﬁed protein.and visualized by autoradiography. As seen in Fig. 5A, in vitro
translated pV interacted with GST-33K protein (lane 2). Similarly, in
vitro translated 100K protein interacted with GST-33K protein (Fig. 5B,
lane 2). No interaction was detected between in vitro synthesized pV
(Fig. 5A) or 100K (Fig. 5B) with GST protein alone (lane 1)
demonstrating the speciﬁcity of the assay. These results conﬁrm the
yeast two-hybrid observations and suggest that 33K/pV and 33K/100K
interactions are real.
To conﬁrm the domain of 33K protein involved in the interaction
with 100K protein, GST pull down assay was carried out as described
above. As seen in Fig. 6, GST-100K fusion protein interacts with 33K,
33Kd3 and 33Kd4 proteins. No such interactionwas observed between
GST-100K protein and mutant 33Kd5 protein (Fig. 6). These ﬁndings
suggest that 161–200 amino acid domain of 33K protein may be
involved in the interaction with 100K protein.
Since GST-V fusion protein was unstable, we carried out an in vitro
co-immunoprecipitation assay to determine the domain of 33K
protein interacting with pV. The pV or 33K mutant proteins were
translated in vitro as described above. For co-immunoprecipitation
assay, in vitro translated pV was incubated with in vitro translated
33Kd3 protein or 33Kd4 protein for 6 h at 4 °C before immunopre-
cipitation with anti-pV serum. The co-immunoprecipitated proteins
were separated on 10% SDS-PAGE under reducing conditions. The
separated proteins were transferred to nitrocellulose membrane and
probed by Western blot using anti-33K serum. As seen in Fig. 7, pV
interacts with 33K and 33Kd4 protein (lane 3) but not with 33Kd3
protein (lane 2). No such interaction was observed in samples
immunoprecipitated with preimmune sera (lane 1). These resultsne 2), GST-33K (lane 4) and GST-100K (lane 6) proteins were separated by 10% SDS-PAGE,
rum (lanes 1,2), anti-33K serum (lanes 3,4) or anti-100K serum (lanes 5,6). Uninfected
weight markers (M) in kDa is shown to the left of the each panel. Arrows on the right of
Fig. 6. Binding of labeled proteins to GST-fusion proteins. (A) In vitro translated [35S] methionine-labeled 33K, 33Kd2, 33Kd3, 33Kd4 or 33Kd5 proteins were immunoprecipitated with
anti-33K serum or incubated with puriﬁed GST or GST-100K proteins immobilized on Glutathione-Sepharose 4B beads. The bound proteins were separated by 10% SDS-PAGE and
detected by autoradiography. The position of the molecular weight markers (M) in kDa is shown to the left of the panel. Arrows on the right of each panel indicate the position of the
identiﬁed protein in kDa.
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81–120 of 33K protein are involved in the binding to pV.
In vivo interaction of 33K protein with 100K and pV proteins
To conﬁrm the interaction of 33K protein with pV or 100K proteins
during BAdV-3 infection, the co-immunoprecipitation studies were
carried out in BAdV-3 infected cells using protein-speciﬁc antibodies.
Cleared lysates prepared from BAdV-3 infected cells were immunopre-
cipitated with anti-33K serum or anti-pV serum. The co-immunopre-
cipitated proteins were separated on 10% SDS-PAGE, transferred to
nitrocellulose membranes and probed in Western blots using anti-pV
serum or anti-33K serum. As seen in Fig. 8A, a 56 kDa protein
representing pV was observed when the infected cell lysates were
immunoprecipitated with anti-33K serum and probed in Western blot
with anti-pV serum (lane 2). No such protein was observed when
infected cell lysateswere incubatedwith preimmune serumand probed
with anti-pV serum (lane 1). Similarly, a protein of 42 kDa representing
33K protein was observed when infected cell lysates were immunopre-
cipitated with anti-pV serum and probed inWestern blot with anti-33K
serum (Fig. 8B, lane 2). No such proteinwas observedwhen infected cell
lysates were incubated with preimmune serum and probed in Western
blot with anti-pV serum (Fig. 8B, lane 1). These results suggest that 33K
and pV interact speciﬁcally during BAdV-3 infection.
Similarly, a protein of 130 kDa representing 100K protein was
observed when the infected cell lysates were immunoprecipitated
with anti-33K serum and probed in Western blot with anti-100K
serum (Fig. 9A, lane 2). No such protein was observed when infected
cell lysates were immunoprecipitated with preimmune serum and
probed in Western blot with anti-100K serum (Fig. 9A, lane 1).
Similarly, a protein of 42 kDa representing 33K protein was observed
when the infected cell lysates were immunoprecipitated with anti-
100K serum and probed in Western blot with anti-33K serum (Fig. 9B,
lane 2). No such protein was observed when infected cell lysates were
immunoprecipiotated with primary serum and probed in WesternFig. 7. Co-immunoprecipitation of in vitro translated proteins. In vitro translated pV
proteinwas incubated individually with in vitro translated 33d3 (lane 2), 33Kd4 (lane 3)
or 33K (lane 4) proteins, The bound proteins were immunoprecipitated with anti-pV
serum (lanes 2,3,4) or preimmune serum (lane 1) separated by 10% SDS-PAGE and
transferred to nitrocellulose membrane. The separated proteins were probed by
Western blot using anti-33K serum. The position of the molecular weight markers (M)
in kDa is shown to the left of the panel. Arrow on the right of panel indicate the position
of the identiﬁed protein in kDa.blot with anti 33K serum (Fig. 9B, lane 1). These results suggest that
33K and 100K interact speciﬁcally during BAdV-3 infection.
Discussion
The 33K protein of adenovirus appears to be a multifunctional
protein, which acts as alternative splicing factor (Tormanen et al.,
2006), and plays an important role in viral assembly (Fessler and
Young, 1999; Finnen et al., 2001; Kulshreshtha et al., 2004),
stimulation of transcription from the MLP (Ali et al., 2007) and early
to late switch in MLP transcription (Farley et al., 2004). The
multifunctional role played by 33K protein in adenovirus biology
suggests that 33K may interact with other viral or cellular proteins.
Here, we report for the ﬁrst time that 33K protein interacts with pV
and 100K proteins during BAdV-3 infection.
The yeast two-hybrid analyses revealed that BAdV-3 33K protein
may be interacting with pV and 100K proteins. This initial observation
is supported by the fact that these interactions between 33K/pV and
33K/100K proteins were conﬁrmed by GST pull down assay. Moreover,
these speciﬁc interactions between 33K/pV and 33K/100K proteins
were detected in BAdV-3 infected cells using co-immunoprecipitation
and Western blot assays.
The detection of speciﬁc interaction between 33K/100K proteins
and 33K/pV proteins in BAdV-3 infected cells suggested that such
interactions have a signiﬁcant role in the virus replication cycle.
However, the exact function of these interactions during the viral
infection is currently unclear. The 100K protein associates with hexon
monomers, help in the formation of hexon trimers and assist in the
transport of hexon trimers to the nucleus of baculovirus infected cells
(Hodges et al., 2001). However, expression of hexon and 100K in
transfected COS-7 cells did not transport hexon to the nucleus (Hong
et al., 2005). It is possible that interaction of 33K protein with 100K
protein stabilizes the trimerization of hexons and helps to efﬁciently
transport the hexon trimers to the nucleus of BAdV-3 infected cells.
Support for this comes from the fact that despite the expression of
early and late genes in the cells transfected with mutant BAdV-3 DNA
containing insertional mutation in 33K of BAdV-3, the majority of
hexon was detected in the cytoplasm of the transfected cells
(Kulshrestha et al., 2004). Moreover, the 33K function in baculovirus
infected cells may be functionally substituted by a viral or an insect
cell protein(s). Alternatively, it is possible that hexon trimerization
and efﬁcient nuclear import may be mediated by different proteins
including 33K at different stages of the BAdV-3 replication (Hong et al.,
2005; Woodrich et al., 2003). Partial localization of hexon in the
nucleus of adenovirus pVI transfected cells (Woodrich et al., 2003) or
adenovirus 100K expressing insect cells (Hong et al., 2005) support
this possibility.
Although adenovirus 33K protein is required for the assembly of
virus particles (Finnen et al., 2001; Kulshreshtha et al., 2004), it can
interact with adenovirus packaging sequence only in the presence of
Fig. 9. Co-immunoprecipitation of 33K and 100K protein in BAdV-3 infected cells. (A)
Proteins from the lysates of BAdV-3 infected cells were immunoprecipitated with
preimmune serum (lane 1) or anti-33K serum (lane 2), separated by 10% SDS-PAGE, and
transferred to nitrocellulose membrane. Separated proteins were probed by Western
blot using anti-100K serum. Proteins from BAdV-3 infected cell lysates were separated
by 10% SD-PAGE, transferred to nitrocellulose membrane and probed with anti-100K
serum (lane 3). (B) Proteins from the lysates of BAdV-3 infected cells were
immunoprecipitated with preimmune serum (lane 1) or anti-100K serum (lane 2),
separated by 10% SDS-PAGE, and transferred to nitrocellulose membrane. Separated
proteins were probed by Western blot using anti-33K serum Proteins from BAdV-3
infected cell lysates were separated by 10% SD-PAGE, transferred to nitrocellulose
membrane and probed with anti-33K serum (lane 3). The position of the molecular
weight markers (M) in kDa is shown to the left of the panel. Arrows on the right of each
panel indicate the position of the identiﬁed protein in kDa.
Fig. 8. Co-immunoprecipitation of 33K and pV proteins in BAdV-3 infected cells. (A)
Proteins from the lysates of BAdV-3 infected cells were immunoprecipitated with
preimmune serum (lane 1) or anti-33K serum (lane 2), separated by 10% SDS-PAGE, and
transferred to nitrocellulose membrane. The separated proteins were probed by
Western blot using anti-pV serum. Proteins from the lysates of BAdV-3 infected cell
were separated by 10% SD-PAGE, transferred to nitrocellulose membrane and probed
with anti-pV serum (lane 3). (B) Proteins from the lysates of BAdV-3 infected cells were
immunoprecipitated with preimmune serum (lane 1) or anti-pV serum (lane 2),
separated by 10% SDS-PAGE, and transferred to nitrocellulose membrane. Separated
proteins were probed by Western blot using anti-33K serum. Proteins from BAdV-3
infected cell lysates were separated by 10% SDS-PAGE, transferred to nitrocellulose
membrane and probed with anti-33K serum (lane 3). The position of the molecular
weight markers (M) in kDa is shown to the left of the panel. Arrows on the right of each
panel indicate the position of the identiﬁed protein in kDa.
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adenovirus genome (Ugai et al., 2007), the interaction of 33K with pV
may help to increase the cooperative binding of 33K protein to the
viral DNA packaging sequences. Alternatively, the interaction of 33K
protein with pV may help to relieve the repressive effect of pV on
major late promoter activity (Ugai et al., 2007). Several lines of
evidence support this speculation. First, signiﬁcant level of 33K
speciﬁc mRNAs and proteinwere detected in adenovirus infected cells
before the beginning of transcription/translation of other late protein
(Beltz and Flint 1979; Larsson et al., 1992). Secondly, 33K protein is
required for the efﬁcient expression of ML transcription unit (Ali et al.,
2007 ";; Farley et al., 2004). Thirdly, expression of major late structural
proteins was detected signiﬁcantly earlier in mutant adenovirus
containing deletion of pV (Ugai et al., 2007).
Although the boundaries have not been fully deﬁned, our analysis
of the deletion mutants suggested that amino acids 81–120 and 161–
200 of 33K protein are involved in the interaction with pV and 100K
proteins, respectively. Nevertheless, precise localization of the region
and the identiﬁcation of mutants of 33K that prevent interaction, and
assessment of the consequences of these mutations on virus life cycle
should provide insights into the functional importance of these novel
interactions. Interestingly, while the identiﬁed region required for the
interaction of 33K protein with pV is shared between 33K and 22K
proteins, the identiﬁed region required for the interaction of 33K
protein and 100K protein is not shared by 33K protein and 22K
protein. It would be of interest to determine the role of each protein in
these interactions.
Materials and methods
Cell lines and virus
Madin Darby bovine kidney (MDBK) cells were cultured inminimal
essential medium (MEM)with 10% fetal bovine serum (FBS). Thewild-
type BAdV-3 was cultivated in MDBK cells as described previously
(Kulshrestha et al., 2004).
Antibodies
Production and characterization of antibodies speciﬁc to BAdV-3
33K protein have been described earlier (Kulshreshtha et al., 2004).
Details concerning the production of antibodies speciﬁc to pV and100K proteins will be described elsewhere. Brieﬂy, anti-100K raised
against synthetic peptides recognizes a protein of 130 kDa in BAdV-3
infected cells, while anti-pV serum raised against synthetic peptides
recognizes a protein of 56 kDa in BAdV-3 infected cells.
Plasmid construction
The plasmid vectors were constructed as per standard procedures
using the DNA modifying enzymes and restriction enzymes (Sam-
brook and Russell, 2000).
Construction of yeast expression plasmids
Individual BAdV-3 genes acting as bait or prey were PCR ampliﬁed
using speciﬁc primer sets (Table 1) and plasmid pFBAV302
(Zakharcthouk et al., 1998) DNA as a template. The appropriate PCR
ampliﬁed DNA fragments were digested with restriction enzymes
(Table 1) and ligated to restriction enzyme digested plasmids pGBKT7
or pGADT7 (Table 1).
Construction of p33Kd1. A 213 bp fragment was ampliﬁed by PCR
using primers P1 and P2 (Table 2), and plasmid pGBKT7-33K DNA as a
template. Similarly, a 1000 bp fragment was isolated by PCR using
primers P3 and P4 (Table 2), and plasmid pGBKT7-33K DNA as a
template. In a third PCR reaction, both ampliﬁed fragments were
annealed and external primers P1 and P4 (Table 2) were used to PCR
across. This PCR product was digested with NdeI–EcoRI and ligated to
NdeI–EcoRI digested pGBKT7 creating plasmid p33Kd1.
Construction of p33Kd2. A 7.9 kb SacII–AatII fragment of plasmid
pGBKT7-33Kwas isolated and ligated to annealed oligonucleotides O1
and O2 to create plasmid p33Kd2.
Construction of p33Kd3. A 250 bp fragment was ampliﬁed by PCR
using primers P5 and P6 (Table 2), and plasmid pGBKT7-33K DNA as a
template. Similarly, a 486 bp fragment was isolated by PCR using
primers P7 and P4 (Table 2), and plasmid pGBKT7-33K DNA as a
template. In a third PCR reaction, both ampliﬁed fragments were
annealed and external primers P4 and P5 (Table 2) were used to PCR
across. This PCR product was digested with NdeI–EcoRI and ligated to
NdeI–EcoRI digested pGBKT7 creating plasmid p33Kd3.
Construction of p33Kd4. A 373 bp fragment was ampliﬁed by PCR
using primers P5 and P8 (Table 2), and plasmid pGBKT7-33K DNA as a
Table 2
List of primers
Primer DNA sequence
P1 5′-GATGCCGTCACAGATAGATAGATTG
P2 5′-CATCATATGCAGGTCCTCCTC
P3 5′-GCTTCTCTGAATCCCACCGC
P4 5′-GGAATTCTTAGGCGGGTCCGGATTCG
P5 5′-GGAATTCCATATGATGAAACCCCGCAGCATGTCG
P6 5′-CCTACTCTTGTCCGTGAAGTCGCTGAAA
P7 5′-TTCACGGACAAGAGTAGGTGGGACCAGC
P8 5′-AGGGCGAGGCTTGCCCTGGCCCTTCTTG
P9 5′-CAGGGCAAGCCTCGCCCTCCTCCTCTT
P10 5′-GAGAGTGGGCGCGCTGGCACTCCGC
P11 5′-GCCAGCGCGCCCACTCTCTATGCCATAT
P12 5′-GAGTGAGCTGATACCGCTC
P13 5′-GGTTCGCTGAAAGATCAGCTCCCGAAGCTT
P14 5′-CTGATCTTTCAGCGAACCCTAGCAGACT
P17 5′-GGCGGGTCCGAGCTGTTCCTCCCTTGTTGT
P18 5′-GAACAGCTCGGACCCGCCTAAGAATTCC
P19 5′-GGAATTCTTAGGCGGGTCC
O1 5′-GGCTCAGGCTTCGGAGGGCCAACAGCTGCCGCCACAGACAGCGGGGCTGCAGCCGAGCAAGAGG
O2 5′-CTACTACCTTCCTCACAGCCCTCTTGCTCGGCTGCAGCCCCGCTGTCTGTGGCGGCAGCTGTTGGCCCTCCGAAGCCTGAGCCGC
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P9 and P4 (Table 2), and plasmid pGBK-33KDNA as a template. In a third
PCR reaction, both ampliﬁed fragments were annealed and external
primers P4 and P5 (Table 2) were used to PCR across. This PCR product
was digested with NdeI–EcoRI and ligated to NdeI–EcoRI digested
pGBKT7 creating plasmid p33Kd4.
Construction of p33Kd5. A 486 bp fragment was ampliﬁed by PCR
using primers P5 and P10 (Table 2), and plasmid pGBK-33K DNA as a
template. Similarly, a 854 bp fragment was isolated by PCR using
primers P11 and P12 (Table 2), and plasmid pGBKT7-33K DNA as a
template. In a third PCR reaction, both ampliﬁed fragments were
annealed and external primers P4 and P5 (Table 2) were used to PCR
across. This PCR product was digested with NdeI–EcoRI and ligated to
NdeI–EcoRI digested pGBKT7 creating plasmid p33Kd5.
Construction of p33Kd6. A 612 bp fragment was ampliﬁed by PCR
using primers P5 and P13 (Table 2), and plasmid pGBKT7-33K DNA as a
template. Similarly, a 734 bp fragment was isolated by PCR using
primers P14 and P12 (Table 2), and plasmid pGBKT7-33K DNA as a
template. In a third PCR reaction, both ampliﬁed fragments were
annealed and external primers P4 and P5 (Table 2) were used to PCR
across. This PCR product was digested with NdeI–EcoRI and ligated to
NdeI–EcoRI digested pGBKT7 creating plasmid p33Kd6.
Construction of p33Kd7. A 732 bp fragment was ampliﬁed by PCR
using primers P5 and P17 (Table 2), and plasmid pGBKT7-33K DNA as a
template. Similarly, a 624 bp fragment was isolated by PCR using
primers P12 and P18 (Table 2), and plasmid pGBK-33K DNA as a
template. In a third PCR reaction, both ampliﬁed fragments were
annealed and external primers P5 and P19 (Table 2) were used to PCR
across. This PCR product was digested with NdeI–EcoRI and ligated to
NdeI–EcoRI digested pGBKT7 creating plasmid p33Kd7.
Construction of plasmids pGEX plasmids
A 845 bp NdeI–EcoRI fragment containing 33K gene excised from
plasmid pGBKT7-33K was blunt end repaired with T4 DNA polymerase
and ligated to SmaI digested plasmid pGEX-5X-1 to create plasmid
pGEX-33K. A 1.2 kb EcoRI–BamHI fragment containing pV gene, excised
from plasmid pGADT7-V, was blunt end repaired with T4 DNA
polymerase and ligated to SmaI digested plasmid pGEX-5X-1 to create
plasmid pGEX-V. Similarly, a 2.5 kb NdeI–EcoRI fragment containing
100K gene excised from plasmid pGBKT7-100K was blunt end repaired
with T4 DNA polymerase and ligated to SmaI digested plasmid pGEX-
5X-1 to create plasmid pGEX-100K.Yeast two-hybrid system
The Matchmaker two-hybrid systems 3 using Saccharomyces
cerevisiae (Clontech) was used to detect the interactions between
33Kprotein and other viral proteins. These interaction studies involved
the use of yeast expression plasmids pGBKT7 (bait plasmid) and prey
plasmid pGADT7 (Clontech). The bait and prey constructs were co-
transformed in the yeast strain AH109 as per Clontech protocol and
grown on the SD/-Leu/-Trpmedium (low stringency selection) at 30 °C
to select the DNA BD and AD plasmid DNAs. These co-transformants
were further screened for HIS3 expression by growing transformed
yeast on SD/-Leu/-Trp/-His medium (medium stringency selection).
Subsequently, theHis positive colonieswere further screened for ADE2
andMEL1 expression bygrowing on high stringency selectionmedium
(SD/-Leu/-Trp/-His/-Ade/X-alpha-Gal).
For liquid β-galactosidase assay, 4 mg/ml of o-nitrophenyl-β-D-
galactopyranoside (ONPG) (Sigma) in Z buffer was used as a substrate.
Yeast was cultured in appropriate selection media and the initial optical
densities at awavelengthof 600nm(OD600were recorded for subsequent
calculation of density. The cells were then resuspended in Z buffer, and
made permeable by freezing in liquid nitrogen. Then, Z-buffer (0.7 ml)
and ONPG in Z buffer (0.16 ml) were added to reaction tubes, and yellow
color was allowed to develop for overnight at 30 °C. The reaction was
stopped by adding Na2CO3 to a ﬁnal concentration of 0.8 M. Finally, the
optical density of the supernatant of the reaction was measured at a
wavelength of 420 nm (OD420). One arbitrary β-gal unit was deﬁned as
the amount which hydrolyzes 1 μmol ONPG to o-nitrophenol and D-
galactose per minute and calculated according to the formula
(1000×OD420/time×OD600×concentration factor). The activity of β-gal
was measured and average activities were calculated. Appropriate
positive/negative controls andbuffer blankswereused in theexperiment.
GST pull down assays
The plasmids pGEX-5X-1, pGEX-33K, pGEX-V and pGEX-100Kwere
individually transformed in E. coli BL21 cells. The GST alone, GST-33K
and GST-100K fusion proteins were induced by isopropyl-β-D-
thiogalactopyranoside (IPTG) (Gibco-BRL) and immobilized on Glu-
tathione-Sepharose beads (Pharmacia) as described elsewhere (Zhou
and Tikoo, 2001). The identities of the proteins were analyzed by
Western blot using protein-speciﬁc antibodies.
Plasmid DNA (pGADT7-V, pGADT7-100K, pGBK-33K, p33Kd3,
p33Kd4 or p33Kd5), were in vitro transcribed and translated using
TNT T7 quick-coupled transcription/translation kit (Promega) in the
presence of 50 μCi of [35S] methionine. For in vitro binding, 10 μg of
35V. Kulshreshtha, S.K. Tikoo / Virology 381 (2008) 29–35GST or GST-33K fusion protein on Glutathione-Sepharose 4B beads
was incubated with 5 μl of in vitro translated pV (pGADT7-V) or 100K
(pGADT7-100K) proteins in a ﬁnal volume of 500 μl of binding buffer
(30 mM HEPES pH 7.4, 50 mM KCL, 0.5% Tween 20, 0.5% non fat dry
milk, 2 mM PMSF). Similarly, 10 μg of GST or GST-100K fusion on
Glutathione-Sepharose 4B beads was incubated with 5 μl of in vitro
translated protein 33Kd3 (p33Kd3), 33Kd4 (p33Kd4), 33Kd5 (p33Kd5)
in a ﬁnal volume of 500 μl of binding buffer. After incubating at 4 °C for
4 h with rotation, the beads were then washed four times with the
binding buffer. The bead bound proteins were separated by SDS-PAGE
and analyzed by autoradiography.
In vitro translation
Plasmid DNA (pGADT7-V, pGBKT7-33K, pGBKT7-33Kd4 or
pGBKT7-33Kd3) was in vitro transcribed and translated using TNT
T7 quick-coupled Transcription/Translation kit (Promega). Equal
amounts of non labeled proteins were mixed at 4 °C for 4–6 h.
Proteins were immunoprecipitated with protein-speciﬁc serum,
separated by SDS-PAGE and transferred to nitrocellulose membrane.
The separated proteins were probed by Western blot as described
(Kulshrestha et al., 2004) using protein-speciﬁc antiserum.
Immunoprecipitation/Western blotting
Madin Darby bovine kidney (MDBK) cells infected with wild-type
BAdV-3 at an MOI of 5 were harvested at 36 h post-infection. The
infected cells lysed with triton lysis buffer (1% Triton X-100, 10 mM
HEPES [pH 7.4], 2 mM EDTA, 2 mM sodium orthovanadate, 0.1% β-
mercaptoethanol, protease inhibitors) were incubated overnight at
4 °C with preimmune serum, anti-pV serum or anti-100K serum. The
protein A agarose bead was later added and mixtures were
incubated for another 4 h at 4 °C, before washing the beads four
times with lysis buffer. After addition of 2× SDS-sample buffer, beads
were boiled for 2 min, subjected to SDS-PAGE and transferred to
nitrocellulose membrane (Millipore Corporation). Finally, the mem-
brane was probed with anti-33K serum and visualized by treating
the membrane with BCIP/NBT solution (Sigma). Similarly, BAdV-3
infected cell lysates were immunoprecipitated with preimmune
serum or anti-33K serum, and probed in Western blot with anti-pV
serum or anti-100K serum.
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